From a series of Serratia marcexens clinical isolates analysed with respect to bacteriocin production, one strain (SMG 38) was exceptional in that it produced two distinct phage-tail-like bacteriocins differing in morphology, sedimentation, heat sensitivity, and host range. The more active component (bc25) was effective against Serratia, while the other component (McG) inhibited growth of Escherichia coii, Salmonella typhimurium and Shigella sonnei, but not Serratia. Plaque formation on tested strains was negative except in the single case of the lysate of a subclone of SMG 38 which caused the production of a virulent phage, $E, in E. coli K12 RH 5108. This seems to be a rare event. Like the bacteriocin McG, phage #& used the same receptor protein, coded at about 30 min (locus Jig) on the E. coli chromosome, as does the temperate and serologically unrelated phage 4~. Both McG and UV-irradiated C#X killed sensitive bacteria. The survival rate depended on the input multiplicity and also on the indicator strain, and was increased by the presence of prophage 480 in the cell. When survivors were allowed to resume their growth under normal conditions, they showed cell elongation whatever their RecA phenotype. No difference was observed between the two agents with respect to these observations, except that McG, unlike irradiated &, was inactive against Kiebsiella pneumoniae UNF 5023, which possessed the Fig receptor. Abbreviations: bc25, bacteriocin from Serratia marcescens SMG 38 active against S. marcescens Sli ; McG, bacteriocin from S. marcescens SMG 38 active against E. coli; MC, mitomycin C; TSB, tryptic soy broth (Difco). 0001-5030 0 1989 SGM Downloaded from www.microbiologyresearch.org by
INTRODUCTION
As first observed by Hamon & Peron (1961) , most Serratia marcescens strains produce colicinlike substances active against Escherichia coli ; some strains also produce trypsin-resistant bacteriocins active against other strains of Serratia marcescens, but not against E. coli. Prinsloo (1966) distinguished subgroups of Serratia marcescens bacteriocins on the basis of host-range and biochemical properties. Bacteriocins are useful in typing of Serratia marcescens : the susceptibility of clinical isolates to bacteriocins produced by a set of ten strains of the same species allowed Traub (1980) to distinguish more than 70 types. These ten bacteriocins were all shown to be phage tails and, therefore, products of defective lysogeny. Based on differences in ultrastructure and other properties, these phage tail bacteriocins were divided into two subgroups; one of them used a receptor residing in the lipopolysaccharide (LPS) moiety of the outer membrane (Traub et al., 1974) . Lysates may be active against several species, but there is still no demonstration of a common receptor in Serratia and other enterobacteria.
In the course of an investigation into a series of clinical isolates of Serratia marcescens from Belgian hospitals, it was found that one particular strain, SMG 38, produces a phage tail bacteriocin with the unusual property of being active against several species including Serratia marcescens and E. coli. The nature of the agent and its affinity for receptors in different strains is described here. A virulent bacteriophage called &has been isolated: it is inactive against the E. coii mutants resistant to the bacteriocin but its host range is not identical to that of the bacteriocin. Killing activity and other cellular effects have been studied comparatively and the observations are discussed. A preliminary account of this work was given at the XIVth International Congress of Microbiology held in Manchester, UK, 7-1 3 September 1986.
METHODS
Media. Nutrient Agar (Difco; NA) was used for plating and standard techniques; Tryptic Soy Broth (Difco; TSB) was used for experimental cultures. Tests and dilutions were performed in T1 buffer (Matsushiro, 1963) . The activity of bacteriocins and phages was asayed on TSB plus 1 % (w/v) agar (Difco); agarose (Sigma) was also used in certain experiments. Soft agar comprised TSB plus 0.6% agar.
Bacterial strains. The Serratia marcescens strains used in this work included the ten phage tail bacteriocin producers used for bacteriocin typing according to Traub (1980) , and the indicator strains Sli, S9i and S21i kindly provided by Dr W. H. Traub. Other strains of that species were clinical isolates collected by the Institut d'Hygiene et d'Epidemiologie (Belgian State) examined for both production of, and susceptibility to, the reference bacteriocins. A series of E. coli strains as well as other enterobacteria (Shigella spp., Salmonella typhimurium, Kfebsieffa pneumoniae) were used; they are described in Table 3 . Therein are also presented mutants resistant to various bacteriophages, and heterospecific hybrids obtained in different ways endowed with various combinations of restrictions and sensitivity patterns.
Bacteriophages and phage techniques. Various temperate and virulent phages were used for comparisons, especially 480 (Matsushiro, 1963) , &y (Gratia, 1973) and hybrid derivatives. Phage 4 c was isolated during the course of this work. High-titre stocks were prepared as usual by confluent lysis on cellophane (Gratia, 1984) . Inactivation of phage development and lysis was performed using UV light from a germicidal lamp (Sylvania G8T5, USA). Bacteriocinogeny, bacteriocin typing and characterization of the bacteriocins. The methods used for the production of bacteriocins by Serratia and for their assay were those described by Traub (1980) . Induction was performed using mitomycin C (Sigma; MC) at a final concentration of 1 pg ml-I. Overnight induced cultures were centrifuged and the activity of the supernatants was assayed comparatively with or without prior treatment with 0.25% trypsin (BDH) at 37 "C for 30 min. Differentiation of the phage tails in a given lysate was achieved by modifying the conditions of incubation (temperature, pH) and by using centrifugation (Spinco centrifuge 20000 r.p.m. for 90 min with swinging rotor SW25.1). Fractions were serially diluted in T1 buffer and assayed by dropping the diluted samples on streaks of suspensions containing lo7 bacteria m1-I. Diffusibility was tested as follows. The producing bacteria were incubated on TSB plus 1 % (w/v) agarose for 24 h at 37 "C. After removal of the bacteria and exposure to chloroform vapours, discs were cut from the gel containing the bacteriocin and laid on TSB agar (1 %) at 4 "C for at least 72 h. Plates with discs and plates from which the discs had been removed were compared with respect to the inhibition of growth of sensitive bacteria overlaid in soft agar: D means that inhibition was observed over a large diameter where the bacteriocin had diffused from the disc to the bottom agar; ND means that inhibition was restricted to the disc containing the bacteriocin. 
Microscopic examination of the bacteria and cell-size measurements.
Treated and untreated bacteria were pelleted and incubated in TSB for growth at 37 "C. At intervals, samples were fixed with alcohol on microscope slides and stained with toluidine blue for photography; images were projected onto a screen to measure the size of individual bacteria.
RESULTS

Screening of the Serratia strains
A series of 180 clinical isolates of Serratia marcescens from Belgium were compared with respect to either the sensitivity pattern towards the ten phage tail bacteriocins used as reference (Traub, 1980) , or the production of colicin(s) and/or phage tails or trypsin-resistant bacteriocins upon treatment with MC. Among them, 125 (69.5%) produced a colicin of the same specificity 
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The types are those of Traub (1980) and correspond to the pattern of sensitivity to phage-tail-like bacteriocins produced by his ten bA + S. marcexens strains. Serotyping was done by S. Heinemann (H1/12 means H1 for some of the strains and H12 for the others; the same for 04/14).
t No difference was observed upon treatment of the tested lysates with 0.1 % trypsin at 37 "C followed by heat up to 56 "C for 30 min. Indicator strains were from Dr W. H. Traub (Sli, S9i, S21i) and from our collection (SMG 25-28). $ Strain 1485R is a mutant selected by its resistance to one of the lysates active against E. coli 1485.
4 T"S, TpS, susceptible to, and inactivated by, heat (56 "C for 30 min) and trypsin (0.1%), respectively. D, diffusible in agar; ND, non-diffusible.
(inactive against a mutant of E. coli K12 1485 -1485R -selected by its resistance to one of the lysates); 43 (23.9 %) produced trypsin-resistant bacteriocins detected by their activity against one or several Serratia strains. There appeared to be some correlation between the bacteriocin sensitivity type and the pattern of production of both groups of bacteriocins (see examples in Table 1 ). Among the type 4 Serratia strains, SMG 38 exceptionally produced poorly diffusible relatively heat-stable and trypsin-resistant bacteriocins active against E. coli, Salmonella typhimurium (LT2), Shigella sonnei (P9), and also against Serratia marcescens (Sli) (Table 1, line 6).
Lysates of MC-induced strain SMG 38 were analysed further. Samples were submitted to various conditions of pH and temperature ( Table 2 ). The activity index after the various treatments differed for E. coli K12 1485 and Serratia Sli. For instance, after a short incubation at 60°C, the activity against Serratia was much more affected than that against E. coli. Centrifugation at 45000 g clearly separated the two activities, and this was enhanced after passage of the pellet on Serratia Sli and of the supernatant on E. coli K12 1485. In the former case, the passage on Sli caused almost complete disappearance of the activity against that strain following specific adsorption to the corresponding receptor. The reverse was observed with the supernatant passaged on E. coli; it lost activity against that strain but retained full activity against Serratia Sli (lines 12 and 13 in Table 2 ).
Electron micrographs of the various preparations ( Fig. 1 ) showed two types of phage tails distinguishable by thickness and shape. The heated and centrifuged preparations showed one type of phage tails, 16 nm thick and 140 nm long. This component, which was inactive against Serratia Sli but active against E. coli, Salmonella typhimurium and Shigella sonnei, was designated macrocin G (or McG). (Gratia, 1973) and included several enterobacterial species as mentioned above. $y was therefore used for comparisons with the Serratia agents, as well as other bacteriophages active against E. coli and, in some cases, also against Salmonella typhimurium ( Table 3) .
The main observation concerned the concordance in adsorption pattern between the temperate phage 4 y (or hybrid derivatives), bacteriocin McG, and the virulent phage #&. All bacterial mutants selected for their resistance against any of these agents revealed similar patterns of resistance. There was no exception in cross-resistance between Fig-mutants the effect of the mutational phenotypes in polyresistant strains obtained in several steps was additive. Susceptible bacteria (E. coli, Shigella sonnei, Salmonella typhimurium) were all rough in terms of outer membrane, suggesting that the receptor is a protein. This is in ageement with previous results (Gratia et al., 1980) showing that all the neutralizing activity against & was contained in the protein fraction of the extracts from sensitive E. coli or Salmonella strains, and that it was destroyed by trypsin and strongly inhibited by NaCl. No activity was found in LPS. Protein extracts of resistant mutants were completely inactive. The corresponding gene is located at about 30min on the chromosome in both E. coli (Jig) (Gratia et al., 1980) and Salmonella typhimurium ( p r k ) (Sanderson & Roth, 1983) .
As found in various #SO : y hybrids (Gratia, 1982) , adsorption was not related to seroneutralization. #& and #y were serologically unrelated, in that the immune serum prepared against the latter did not affect the activity of the former. Parameters of plating, i.e. lytic development and restriction-modification, as well as bacteriocinic activity were easily distinguished by means of the strains used. For instance, plating efficiencies dependent or not dependent on restriction varied in and derivatives. Conversely, $C was able to plate with almost the same efficiency on many Fig+ strains. This remarkable property is being exploited in further studies.
In Klebsiellapneumoniae UNF 5023, various efficiencies of plating were observed with hybrid derivatives of +y irrespective of restriction, while 4 y itself did not form plaques on that strain in spite of its ability to give rise to confluent lysis and to lysogenize this strain. Again, &was able to plate normally. But the most important observation concerned the discrepancy between bacteriocinic activities: unlike &, McG had no detectable effect on K . pneumoniae UNF 5023; conceivably, this strain was tolerant of McG but not of the killing activity of 4~ even when the phage was arrested in its development.
Cellular efects of MeG and UV-inactivated
Sensitive bacteria were brought into contact with McG at varying concentrations and examined with respect to irreversible killing and to possible lesions in the survivors.
Comparisons were made with & and & under conditions of no lytic development, i.e. after inactivation by UV light. Irradiated samples of these phages, which showed less than p.f.u. survival, were mixed and incubated for 1 h at 37 "C with E. coli K12 1485 or derivatives, K . pneumoniae UNF 5023 and Salmonella typhimurium SL 1102 (Table 4, Fig. 3) .
Killing activity. The number of survivors ( N ) was lower than the number of bacteria mixed with the preparation (No) by a factor depending on the respective concentration of the reagents. However, it also depended on the bacterial strains used. In E. coli K12 1485 the presence of a 480 prophage increased survival (Fig. 2, Table 4 ). This effect was not due to interactions between McG or & and the phage particles possibly produced by the 480-bearing strain and readsorbed on the outer membrane, because we used washed preparations; moreover, the results were the same whether the bacteria were Rec+ or RecA-in spite of the great difference in the amount of phage particles spontaneously produced. The same observation applies to lysogens carrying various $80 prophages whatever their host range [h from A, 480 (h+ or h) 1 The results are means k SEM from determinations with several samples treated at multiplicities around 1000.
The number of treated samples is indicated in parentheses.
& was concerned, the input multiplicity was higher than 1, ruling out the possibility that the survivors had never been in contact with either the phage or the bacteriocin particles. This was confirmed by the following observations. Cell elongation. Treated bacteria were pelleted and incubated in TSB for several hours at 37 "C. At intervals, samples were taken for determination of c.f.u., and the bacterial cells were J . -P . GRATIA examined microscopically. The numbers of c.f.u. did not change very much during the first 2-3 h of incubation, but the length of the cells increased progressively (Fig. 3) . During further incubation, the number of long cells decreased whereas the numbers of c.f.u. increased. Thus bacterial cell division was impaired, albeit reversibly. These observations applied to both Rec+ and RecA-bacteria.
In K . pneumoniae UNF 5023, the bacteriocin McG did not produce any of these effects. In contrast UV-inactivated +.E displayed lethal activity for this strain and also caused cell elongation of the survivors. Therefore, the two activities of +.E were correlated and tolerance of these bacteria to McG concerned a prior step.
DISCUSSION
At the time of the first observations on the lethal activity of bacteriocins, it was not anticipated that the same activity would be displayed by organized structures of viral origin massively produced by induced bacteria, especially in the case of colicin V, a low-molecularmass proteinaceous substance (according to F. Baquero (personal communication), colicin V is more related to a microcin than are the other colicins). However, some parallelism with bacteriophage was considered at that time long before relationships between these agents were established. Now, a variety of bacteriocins produced by many species are known. There are two groups of bacteriocins (Bradley, 1967; Kageyama, 1975; Traub, 1980; Thiry, 1986) , plus the microcins (Asensio et al., 1976) ; and they are defined by their specific lethal activity, which implies a domain for recognition of a receptor and a nearby domain for binding with some target within the bacterial cell.
For unknown reasons, the bacteriocins active against E. coli are rather small proteinaceous molecules sensitive to trypsin (colicins or microcins), including those produced by many Serratia strains, some of which also produce phage tails active against Serratia (Hamon & Peron, 1961 ; Traub, 1980) . On the other hand, the bacteriocins are, in general, active against strains of the same species as the producing strain. The present work concerns an exceptional case in two respects. Firstly, among the bacteriocins produced by Serratia marcescens SMG 38, one is not active against that speciesunlike the other bacteriocin (bc25) -but is active against E. coli, Salmonella typhirnurium and Shigella sonnei. Secondly, unlike the colicin-like bacteriocins produced by Serratia, this bacteriocin is a phage tail. It is named macrocin, more precisely macrocin G or McG on account of its relatedness with bacteriophage +y as to adsorption specificity.
The genesis of & is mysterious and requires further analysis of this phage. Its relationship with McG is suggested by a series of observations: (a) the adsorption specificity is identical; (b) the cellular effects of UV-inactivated particles of +& are similar to those of McG; (c) electron micrographs do not show any qualitative difference between them.
The absence of any activity of McG towards K . pneumoniae UNF 5023, while UV-inactivated +&was active, is intriguing. In all other sensitive strains tested, McG and UV-inactivated +.E had similar effects (with the same interference effect of prophage 480). On the other hand, the efficiency of plating (e.0.p.) on UNF 5023 differed among the temperate +?-related phages, including 480 : y hybrids, even in the absence of any restriction system (strain UNF 5023 is r-). The e.0.p. differences are unlikely to be due to differences in the adsorption organs, especially in hybrids serologically related to +y. Therefore, strain UNF 5023 reveals a differential activity of some gene function(s) among $7, hybrid derivatives and $8. As far as +E is concerned, one may consider the possibility, among others, of interference between a phage gene product and a function of the membrane resulting in the killing activity of the 4 e tail tips.
In connection with that problem, one is led to consider the phenomenon of interference exerted by prophage 480 against bacteriocin activity. This is obviously an interference at the level of the adsorption site, the target of the bacteriocinic action, or at some intermediate step. Steric hindrance caused by adsorbed +SO particles produced is considered unlikely, all the more so as the interference was also observed in the case of RecA-lysogens which produced almost no
